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Huntsville Research & Engineering Center for the Aero-Astrodynamics Lab- 
oratory of Marshall Space Flight Center (MSFC), Contract NAS8-26801. 

The study was performed at the .*equest of Mr. C. Dale Andrews, S&E-AERO- 
AAE. 


The authors are grateful to Mr. Hal Gwin, S&E-AJSRO-AEG, who was 
most helpful in his efforts to assure that the required hardware and equip- 
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SUMMARY 

Results "re presented for an experimental space shuttle stage separation 
plume impingement program conducted in the NASA - Mar shall Space Flight Center's 
Impulse Base Flow Facility (IBFF). Major objectives of the investigation were 
to: 

1. Determine the degree of dual engine exhaust plume simulation 
obtained using the equivalent engine; 

2. Determine the applicability of the analytical techniques; and c 

3. C'btain data applicable for use in full-scale studies. 

The IBFF tests determined the orbiter rocket motor plume impingement loads, 
both pressure and heating, on a 3% General Dynamics B-15B booster config- 
uration in a quiescent environment simulating a nominal staging altitude of 
73.2 km (240,000 ft). The data included plume surveys of two 3% scale orbiter 
nozzles, and a 4.242% scaled " equivalent" nozzle — equivalent in the sense that 
it was designed to have the same nozzle -throat -tc-area ratio as the two 3% 
nozzles and, within the tolerances assigned for machining the hardware, this 
was accomplished. 

The IBFF ; s a short-duration test facility utilizing scaled versions of 
hot -flow rocket motors. Combustion chamber temperatures are full-scale 
values while the operating pressures may or may not match full-scale values. 

The combustion products and resulting species are equivalent to prototype 
values. 
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NOMENCLATURE 

2 2 

throat cross-sectional area, cm (in. ) 
expansion ratio 

equivalent nozzle exit plane diameter, cm (in) 

hydrogen charge tube or gaseous hydrogen 

total pressure probe in hydrogen charge tube 

mass flow, gm/sec (lb/sec) 
oxygen charge tube or gaseous oxygen 

total pressure probe in oxygen charge tube 

'combustion chamber pressure, N/crn (lb/in. ) 

2 2 

pitot total pressure, N/cm (lb/in ) 

2 2 

local measured pressure on impingement model, N/cnr> (lb/ir.. ) 

static pressure tap approximately 0.48 cm from exit plane 
cf nozzle 

2 ^ 

heating rate, watts/m (Btu/ft -sec) 

radial distance, cm (in.) 
throat radius, cm (in.) 

axial distance downstream of nozzle exit plane, cm (in.) 
radial distance from nozzle centerline, cm (in.) 
radial distance from nozzle centerline, cm (in.) 

angle of incidence of orbiier engine centerline relative to top 
centerline of booster, deg 
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Greek 

0 impact probe angle, deg 

4* see Fig. 7 

Subscripts 

j plume jet 

co free stream 


x 
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Section 1 
INTRODUCTION 

The analysis of nozzle flows and the expanding plume has been the 
subject of many analytical and experimental programs in the past. The 
state of the art in analytical and empirical plume definition has progressed 
significantly in the past few years, in particular the capability to predict 
the impingement effects on a body immersed in the plume flow field (Refs. 

1 through 12). 

The gasdynamic analysis of the plume and the appropriate scaling 
parameters for proper plume simulation have been the subject of most of 
these studies. Reference 12 provides a complete set u' usable data for a 
plume impingement study in the form of nozzle analysis, plume definition 
and plume impingement on impact probes, a flat plate and quarter-cylinder. 
Both analytical and experimental results are presented. 


r 
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The major problems associated with plume impingement in relation 
to recent space flight tasks have concentrated on the plume expansion and 
the resultant loads from typical attitude control and auxiliary propulsion 
systems. With the concepts as envisioned for the space shuttle program 
the exposed surfaces subjected to impingement loading resulting from stage 
separation and the ensuing orbiter engine bum create some possible control 
problems (see, e.g.. Refs. 13 and 14). '• 

The capability does not exist (within presently known techniques) to 
analyze a multiplume flow field such as that which will be found on the space 
shuttle orbiter vehicle without resorting to extremely cumbersome and time- 
consuming techniques. The interactions between the individual nozzle plumes 
cannot be defined analytically, and no empirical techniques are known to exist. 
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A technique was used, as reported in Ref. 15, to predict impingement 
loading on a shuttle vehicle by predicting the loads that result from a single 
nozzle. The method is termed the "effective" or "equivalent" plume analyt- 
ical technique. This technique can, for more than five nozzle diameters 
downstream of the exit plane, effectively simulate the corresponding analyt- 
ical plume periphery shape of a shuttle orbiter engine assembly. Prior to 
this test there was a lack of experimental data to which results obtained by 
this technique could be directly compared. This was therefore one of the 
basic purposes in utilizing both the equivalent nozzle and the dual nozzle as- 
sembly. A secondary purpose for using the single equivalent nozzle was to 
check out the operational characteristics of the hardware. 

The purpose of this report is to present the results of an experimental 
program based on this technique and the cbmparisons of pressures and heat- 
ing rates based on the model motor operating conditions. 

The plume local flow properties are computed using theoretical flow- 
field results obtained from the Lockheed Method-of-Characteri sties Computer 
Program (Ref. 16) which have been stored previously on magnetic tape. Rea* 
gas equilibrium or frozen thermochemical data are obtained from the com- 
puter * grams of Refs. 17 and 18, respectively. Effects which can be in- 
cluded the plume calculations are: (1) treatment of shockwaves; (2) fuel 
striations; (3) nozzle effects; (4) nozzle boundary layer; and (5) plume external 
flow conditions. The stagnation point heat transfer theory used in calculating 
the heating rate indicator is that of Fay and Riddell (Ref. 19). Reference 20 
contains detailed results of this technique. 
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Section 2 

EXPERIMENTAL PROGRAM 

2.1 FA.CILITY DESCRIPTION 

The Impulse Base Flow Facility (IBFF) consists of a vacuum tank, 
vacuum pumping s/stem, nozzle model with supply tubes, gas handling sys- 
tem and required instrumentation. Figure 1 is a schematic of the facility 
layout. References 21 and 22 present detailed information on the facility and 
its operating characteristics. 

The environmental chamber is a mild steel tank, 5.5 m (18 ft) i l di- 
ameter and 7.9 m (26 ft) long. The chamber can be evacuated to 5.0 x 10 ^ 
torr for altitude simulations in excess of 91 km (300,000 ft). The chamber 
is evacuated in three steps: 

3 3 

• Equalize the chamber pressure with a 1189 m (42,00C ft ) vacuum 
sphere to 0.2 N/cm^ (15mm Hg); 

-4/2 

• Evacuate the chamber to 6 x 10 N/cm (50 microns Hg) with 
mechanical pump and blower booster; and 

-5/2 

• Fux’ther evacuate by diffusion pump to 0.6 x 10 N/cm 
(0.5 micron Hg). 

A highly underexpanded plume, with an environmental chamber back 
pressure of 0.6 x 10 N/cm (0.5 micron Hg), results in an effective pressure- 
altitude simulation during testing o* 95 km (310,000 ft). 

2.2 TEST TECHNIQUE 

Figure 2 is a schematic of a typ.cc.1 hot-flox- model and the associated 
wave process. The charge tubes (hydrcgen as the fuel and oxygen as the oxi- 
dizer) are prepared at the rated pressure required for the particular test. A 


2-1 


LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 




mylar diaphragm restrains the flow of the and from the mixing volume ‘c 
of the test model (in this case either the scaled equivalent engine or, the scaled ^ 
orbiter engines). A multiblade cutter ruptures the charge tube diaphragm. 
Although this is a multilayer, single diaphragm, each charge tube is ruptured 
simultaneously. The oxidizer/fuel flows into the mixing' rea of the system. 

At the same instant, an expansion wave and a shockwave are initiated at the 
line of the diaphragm rupture. As the process continues, the pressure rises 
continuously in the mixing area .und combustion chamber. At a predesigned 
pressure level, a mylar diaphragm in the combustion chamber region at the ' 
nozzle entrance is ruptured by an overstress on the diaphragm. This -second 
diaphragm ensures that a sharp line exists between the initial flow <ind choked 
conditions in the stagnation region of the nozzle. The initial shock proceeds 
down the nozzle and into the dump (environmental chamber) tank. The initial 
expansion wave moves simultaneously through the charge tubes in an upstream 
direction. 

The rarefaction waves in the charge tubes proceed at different speeds, 
since the speed of sound in the hydrogen tube ic approximately four times that 
in the oxygen tube. This fact is accounted for by making the hydrogen charge 
tube approximately four times the length of the oxygen charge tube. 

As the initial shock passes a given point in the flow field (e.g., the 
exit plr. e of tr.e nozzle), the useful run time for the test begins. The expan- 
sion waves are reflected from the closed end of the charge tubes and move 
downstream. The passage of the reflected wave r past the initiation point 
(nozzle exit plane) is considered the end of the useful run time. The total 
process, from diaphragm rupture to the end of the useful run time is approx- 
imately 15 to 20 msec, and the useful run time is 6 to 10 msec. 




2.3 INSTRUMENTATION 



For a typical test, all information must be acquired within 10 msec. 
For these tests, a digital data acquisition system operating at either 40,000, 
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80,000 or 160,000 samples per second was used. The data acquisition sys- 
tem employed for the first phase has a 3 2- channel capacity and was operated 
at the 80,000 samples -per-second rate which gave a single channel speed of 
- five test frames every two milliseconds. A 60-channel FM multiplex data 

acquisition system with a 40,000 samples-per -second rate was employed for the 
the second phase of testing. 

Two types of pressure transducers were used during these tests. High- 
level pressures were measured with Kistler transducers, a piezoelectric in- 
strument whose charge output is converted to a high-level voltage with a multi- 
range charge amplifier. Low level pressures were measured with Hidyne 
transducers, a double -coil, variable reluctance diaphragm instrument used 
when high sensitivity and fast response are required. Both transducers are 
calibrated by applying a known pressure and recording the output voltage of 
the transducer. 

Two types of heat sensors were used in this experimental program, 
both were thin film units (Astro-Space Laboratories, Inc.). The heat sensors 
located in the leading edge of the vertical tail employed a contoured pyrex 
substrate that matched the airfoil section used for the tail. The other heat 
sensors, located on the booster fuselage and on the side of the tail, (at 40% 
chord) were flat-faced gages. Both sensors utilized a thin (1000 angstroms) 
strip of platinum flush mounted on a substrate of pyrex. The standard sen- 
sors have a nominal room temperature resistance of 100 ohms, a resistance- 
temperature relationship of approximately 0.18 ohm per degree Celsius, and 
a sensitivity of 0.0023 ohm per ohm per degree Celsius. The response tim ^ 
of these sensors is 0.1 to - microseconds. 

The reference pressure of the environmental chamber was monitored 
with an Alphatron system, and the charge tube pressures were cL'^rmined 
using a Bourdon tube system. 

2.4 MODELS 

The test models, de scribed below, include the two 3% scaled orbiter 
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motors, the scaled 4.242% equivalent motor, impact probe and the aft third of 
a scaled _>%General Dynamics B- 1 5B Booster . Only the aft portion of the booster 
was constructed since this is the only part which would experience plume im- 
pingement. The model was designed and built by Coavair Aerospace so that 
the remaining fuselage sections could be added if future testing dictated that 
the complete configuration be used. An additional feature of the model allows 
a different wing to be attached by rotating the fuselage 180 deg o-bout the model 
centerline to simulate a high wing configuration. The model fuselage and 
vertical tail were directly scaled. The wing was a flat plate of the correct 
planform, but which did not duplicate the airfoil section of the real wing. 

The model was constructed of several aluminum sections and attached 
to a steel sting that matched the support system requirements of the IBFF. 

2.4.1 Dual and Equivalent Nozzles 

The analytical capabilities within the state of the art of gasdynamic 
analysis of nozzle flow and plume expansion flow fields do not include the capa- 
bility of rapidly analyzing the resultant flow field produced by two or more 

interacting nozzle plumes. The fact that this flowfield analysis requires con- 
siderable computer time and is exceedingly cumbersome produces not only the 
basic question of how the plume properties can be detei lined, but also the 
effects of impingement. The plume expansion will intersect in basically the 
region of keenest interest, the near field region of X/D ^ < 5. Because of 
the complexity of the flow, the only parameters which can be used to duplicate 
the ilowfield effect are the engine operating parameters, the engine mass flow 
(total) and the scale size. Although engine operating parameters do not simu- 
late the full-scale vehicle from the standpoint of the "p-l" scaling law (Refs. 2 
and 7), they are scaled for mass flows and combustion products. Since the 
combustion products are not altered by changes in scale size, this leaves the 
mass flows to be considered for scaling purposes along wuh geometric scaling. 

Thus, to allow analytical assessment of plume properties based on opera- 
ting conditions of the dual-engine assembly, the equivalent mass flow of the 
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dual-engine assembly must be the controlling parameter for scaling 
the ’’equivalent" nozzle. (See Fig. 3 for a schematic of the equivalent nozzle 
and Table 1 for the equivalent nozzle contours.) The geometry of the equiv- 
alent engine is the san;~ i chat used in the 3% mouel, with the scale factor 
based on identical mass flows resulting in a scale si~e of 4.242% for the 
single equivalent engine. 

The equivalent nozzle was used for all baseline measurements and 
analytical analyses for plume predictions, as well as to assess opera- 
tional characteristics of the over all system. These conditions were used 
to compare booster model impingement data with the dual-engine assembly 
in both vortical and horizontal orientations. 

The true scaled nozzle and combustion chamber pressure would 

4/2 

require, for actual viscous terms simulation, a pressure of 7 x 10 N/cm 

2 

(100,000 lb/in. ), which is not feasible to consider. Therefore, a nominal 

2 2 

combustion chamber pressure of 689 N/cm (1000 lb/in ) was chosen for 

convenience. Since the full-scale vehicle requires a combustion chamber 

pressure of three times this value, 2100 N/cm (3000 lb/in ), the pressure 

ratio across the jet at the exit plane referenced to freestream pressure 

(P./P ) is a factor of three too .ow to simulate the P ; /P at 73 km (240,000 
) <x> y oo 

ft) for the full-scale vehicle. In order to maintain the nominal pressure 
ratio, the environmental dump tank was maintained at a pressure corre- 
sponding to a slightly higher altitude. This pressure difference made the 
proper adjustment for simulating the pressure ratio required to allow the 
f'lll plume expansion found at 73 km (240,000 ft) operating at a combustion 
charm r pressure of 2100 N/cm^ (3000 lb/in^). 

See Reference 23 for a complete description of the analytical tech- 
niques employed for this test program and an assessment' of the analytical/ 
experimental data. 

The operating conditions and geometry of the dual and equivalent 
engine systems are shown in the table on the following page. 


2-5 


LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-HREC D225839 


I 

Paramotrr j. 

Engine 

! 

t 

Dual | 

Equivalent 

P , N/cm^ (lb/in. j 

! 

689-5 (1000' j 

689.5 (1000) 

o ; 


i 

m, gm, sec (lb/sec) 

269-4 (0. 5 Q 2) | 

269-4 (0.592) | 

r , cm (in.) ; 

0.36 '2 (0.1430) j 

0.5194 (0.2045) j 

1 

a- 2,-2 

A , cm (in. 

i 

0.4144 (0.0642) i 

j 

0.8475 (0.1314) 

A i 

a/a ; 

170 i 

167 

• J 

i Scale, r o | 

1 1 

3 i 

! 
! 

4.242 

i 

i 


The two simulated orbiter motors (Fig. 4) utilized in these tests were 
3?c scale models designed by Lockheed -Huntsville Research St Engineering 
Center anc fabricated in the NASA- MS FC shops. The baseline nozzle contour 
01 Aerojet General's 400,000 lbs thrust engine (Ref. 24} was simulated as 
closely as possible (Table 2) without resorting to the extremes which would 
be required for scaling the surface roughness. The necessary degree of 
scaling *he surface roughness of the models to that of the actual hardware is 
at present an unknown quantity (Ref. 2 )". The upstream portions of the motors, 
shown schematically in Fig. 5 were also not scaled. The mixing and combus- 
tion chambers were not simulated, nor were the injection systems for the fuel/ 
oxidizer combination. The stagnation chamber pressures were different from 
both the full scale values and simulation requirements presented in Ref. 2 as 
necessary to account for nozzle Reynolds number, but the oxidizer -to-fuel 
ratio was correlated with that of full scale, using gaseous oxygen and hvdrogen 
constituents for simulation purposes. This resulted in the proper combustion 
products and species breakdown. 

2.4.2 Engine Hardware 

The capability was designed into the nor.zle hardware to accomplish: 

^Assignment of a +0. 005-inch tolerance for machining purposes precluded the 
possibility of exactly matching the prototype contour and maintaining the same 
nozzle -throat -to -exit -area ratio Detween the two 3% engines and the equivalent 
engine. 
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• vertical engine orientation for low cross range simulation: 

• horizontal engine orientation for high crossrange simulation; and 

• stored orbiter engine contour for an abort simulation. 

The abort configuration is simply a shorter nozzle for this testing pur- 
pose having an area ratio, A/A , of 91:1. The technique for these tests was 
to have a separation line, as shown in Fig. 4, in order that the downstream 
end of the nozzle can be removed from the nczzle assembly. 

The vertical and horizontal orientations are achieved by allowing the 
assembly plate on which the nozzles are mounted to be rotated 90 degrees. 

The dual engine or equivalent engine configuration is installed by 
utilizing the appropriate port housing. See Fig. 5 for details. 

2.4.3 Impact Probes 

The plume flowfield impact pressures (pitot total) were measured with 
probes having the configurations shown in Fig. 6. The Impact probe denoted 
as being Probe A was used for all near -field measurements. Probe E was 
used for intermediate measurements and all far-field measurements. Included 
in Fig. 7 is a schematic of the impact probe/orbiter nozzle axis system. The 
impact probe and mounting mechanism allowed the impact probe to be aligned 
with the flow along a given direction, which was predicted as being the angle 
realized by the streamlines at that locale. Figures 8, 9, and 10 are photo- 
graphs of the impact probes and the eQ'iivalent nozzle, the two 3% horizontal 
arrangement and the two 3% vertical arrangement. Figures II through 34 are 
plots of the plume data. 

2.4.4 Stagnation Point Heating Rate Probes 

The stai-.ation poinc heat transfer rates for the exhau c t plumes were 
measured with pr- bes having the configuration shown schematically in Fig. 6 
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and pictorially in Fig. 8. The stagnation heating rate probes consisted of a 
2.06 cm (0.81 in) diameter hemisphere - cylinder with a 0.318 cm (0.125 in) 
diameter flat -faced thin film heat transfer gauge located at the stagnation 
point. 

2.4.5 Booster 

The booster model employed for these tests, a 3 °Jo version of the 
General Dynamics low delta wing/vertical tail vehicle, is shown schemat- 
ically in Figs. 35, 36 and 37 with photographs of the actual model and support 
system shown in Figs. 38, 39 and 40. The schematics shown in Figs. 35 and 
36 indicate 100 instrumentation ports with 60 allocated for pressure and 40 
for thin film heat transfer measurements. 

2.5 MOTOR/BOOSTER RELATIVE TEST POSITIONS 

The test positions for the plume impingement tests on the General 
Dynamics model are shown m Fig. 41. The dimensions listed in Fig. 41 are 
all relative to the exit plane of the nozzle assembly being used, whether it 
is the single or dual nozzle assembly. 

Since the nozzle assembly was fixed, angle of incidence was obtained 
by moving the booster reference point centerline with respect to the orbiter 
engine exit plane centerline. 

Figure 42 depicts the model geometry and engine arrangement for 
this test. 

2.6 DATA TABULATION 

Tables 3 and 4 are typical examples of the run log and reduced data out- 
put for the plume surveys and plume impingement tests. Because of the bulk 
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of data accumulated during these tests, the run logs are not included in this 
report. Table 5 is an index of the plume impact pressure surveys with the 
tabulated results included in Tables 6 through 82. Table 83 is an index of the 
plume impact heating rate surveys with the tabulated results included in 
Tables 84 through 112. Table 113 is an index of the booster impingement test 
conditions with the tabulated results included in Tables 114 through 179. A 
complete set of the run logs is available through NASA-MSFC release author- 
ization. 

The data as shown in Table 4, which is a direct copy of the origi ial 
printout, are reduced with a computer program written by NASA-MSFC for 
compatibility with the IBFF data acquisition system. 

2.7 DATA ACCURACY AND REPEATABILITY 

In general, as is the case with any test facility when the test instru- 
mentation is pushed well beyond the design limits, the accuracies and repeat- 
abilities fall below a desired level, but the data must still be used since it 
is a state-of-the-art matter. Development work in the area of extremely low 
pressure measuring devices is an ongoing project to advance the capabilities 
of this facility. Results to date are extremely encouraging. In the ranges 
for which the present system was designed, the day-to-day accuracies and 

r». 

repeatabilities were within a level of 125% of full scale. There are points 
which may be found to be outside this range, but the trends on any given test 
are well-defined values. The accuracy in absolute numbers represents a vari- 
able quantity . Uhe higher pressure levels are the most accurate, with 
an absolute level of *10%. At the extreme farfield and radial locations tested, 
accuracies of -50% represent the acceptable limits for pressure measurements 
since the transducers are being operated in an environment beyond their design 
capability. The heat transfer measurements are considered to have closer 
tolerances since, where the heating rates are predicted to be outside a given 
upper or lower limit (depending on several variables), no attempt was made 
to measure the values. The heat transfer results, then, are considered to 
be within *20%. 
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Data points found to be outside the trend of values, particularly on 
plume centerline measurements, can in all probability be attributed to impinge- 
ment of mylar diaphragm particles on the heat sensors and into the pressure 
transducers. 

2 . 8 ALIGNMENT ACCURACIES 

Test hardware was aligned by optical and mechanical means relative 
d the exit plane of the nozzle being tested. The location tolerances for the 
impact probes and the booster model for the staging impingement tests were 
as follows: 


Impact Probe 

X = ^0. 125 cm (-0.050 in.) 

Y - to. 125 cm (to. 050 in.) 
Z = to. 125 cm (to. 050 in.) 
4> = to° 10 min 

Booster Model 

X = to.125 cm (to.050 in.) 

Y = to. 125 cm (to. 050 in.) 

Z = to. 125 cm (to. 050 in.) 
+ _o , . 

a - -0 10 min 
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Section 3 

EXPERIMENTAL RESULTS 


The results of this experimental program were obtained in two phases. 
A new n.odel support system was installed between the end of Phase I and the 
beginning of Phase II. Installation of the system required a thirty -cay shut- 
down of the IBFF during which time a 60 -channel data acquisition system was 
also installed. The divisions of each phase are listed below. 

Phase I 

Test 019: Plume Surveys at X/D = 4, 12 and 15 
Test 020: Model Impingement Tests 


Phase II 

Test 021: Plume Surveys at X/D = 2,4, 10 and 15 

Test 022: Model Impingemer.: Tests 

Test 024: Plume Surveys at X/D = 1 and 2 


All plume heating data presented in Figs. 29 through 34 has been normal- 
ized to a chamber pressure of 386.1 N/cm (560 lb/in ). The booster impingement 
pressure data are presented in Figs. 43 through 90 and the booster impingement 
heating data are presented in Figs. 91 through 118. The booster heating data were 
normalized to a chamber pressure of 689.5 N/cm (1000 lb/in ). The actual 
experimental values are listed in the applicable data sheets. 

The normalizing equation in both cases was 


P c 

normalized 

^normalized P ^measured \ P 

c 1 c . 

measured 
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3.1 PLUME IMPACT PRESSURE SURVEYS 

Analytical predictions of the properties of the plume flow field were 
compared and analyzed with these experimental results and published in 
Ref. 23. 

The surveys of the plume flow field are listed in Table 5 and the results 
are listed in Tables 6 through 82. Plots of the plume survey data are shown 
in Figs. 11 through 28. 

3.2 BOOSTER IMPINGEMENT DATA 

Analytical predictions and analysis of the orbiter plume impingement 
on the booster were compared and analyzed with the experimental results 
and published in Ref. 23. 

The test conditions and engine configurations to which the booster model 
was subjected are listed in Table 113, and the results are listed in Tables 114 
through 179. Plots of the booster impingement data are shown in Figs. 43 
through 90. 

Full scale axial force, normal force and pitching moment data which were 
derived from Phase I of the test data are presented in Ref. 25. 

3.3 DATA ANALYSIS/REDUCTION 

The complete time history trace of run 63/0 reveals the typical data 
curves generated by plotting selected output from the digital data acquisition 
system (Fig. 119). The O ^ an d charge tubes are charged to their pretest 
pressure of approximately 1300 psia and their output is nulled to zero. Because 
of the method used in calibration, a negatively increasing value of counts 
output represents a decreasing pressure from the 1300 psia starting point. 

In the case of Fig. 119, which is a reproduction of run 63/0, or the dual- 
vertical engine, the net output at the average value for what was considered 
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the test frames, was -930, and -953 counts for the charge tubes. With a 
sensitivity of 1.4245 and 1.4163 psi/count, respectively, these represe t a 
net pressure reading of 1357 and 1317 psia. 


The diaphragm rupture occurs in this case at approximately the 5ist 
c rame with almost instantaneous response by the instrumentation. Analysis 
of these curves generally begins with an inspection of the chamber pressure 
curve to see if it exhibits a rapid rise time to a steady state chamber pressure. 
Coupled with this observation is an inspection of the and curves to see if 
they indicate a characteristic drop in pressure followed by a subsequent level- 
ing o f and if the slopes of the two curves are somewhat "parallel" to each 
other. The assumption made during the C >2 and H£ curve inspection is that if 
the tw>: curves are relatively flat and parallel then this time frame represents 
one of a constant O/F ratio. Another measurement examined to determine the 
lower limit of test frame data is the P N, static pressure curve. Generally 
this curve corresponds to the chamber pressure curve with a possible difference 
occurring in the test frame number associated with the onset of instrument- 
ation response. 


To determine the upper limit of test frame data associated with a pre- 
viously selected test frame range in the flat portion of the chamber pressure 
curve requires considerable experience and "feel" for the data curves ob- 
tained from the IBFF. For this reason a more general discussion of the 
remaining data analysis will be attempted. To determine the upper test 
frame limit on test data the pressure and temperature curves are examined 
individually to detect the occurrence of reflected shock effects on the test 
data. Remembering that the IBFF is a cylindrical tank 5.5m (18 ft) in diam- 
eter with a scaled rocket engine firing f jr approximately 30 milliseconds, the 
existence of shockwaves reflected off the inside walls is a certainty. De- 
pending upon the location of the instrumentation, axially and radially with 
respect to the centerline of the engines, it may be subject to reflected shocks. 
The irfluence, if any, on the data curves will be readily apparent and the test 
fr; me associated with this disturbance will represent the upper limit of test 
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data for that specific measurement. The test frames selected for examination 
and determination of the time -averaged value for that measurement will gen- 
erally be in the first level portion, above the tare reading, of that curve. This 
level portion may correspond to the same test frame numbers selected for de- 
termination of the average chamber pressure but generally will be higher test 
frame numbers. This is possible due to the axial range of instrumentation and 
the corresponding response lag between a near and far field measurement. 

The number of test frames selected for determining the time -averaged value 
of the measurement depends upon the number of frames that correspond to a 
"level 1 ' curve and/or whether the cutoff limitation due to reflected shocks was 
encountered. The test frames selected as representative of the measurement 
for each pressure were time averaged using a data reduction program developed 
by NASA-MSFC and compatible with the IBFF measurements. The test frames 
selected for the temperature measurements were determined in a similar 
fashion and coupled with a computer program (Ref. 26) to determine the heating 
rates. 
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Section 4 
CONCLUSIONS 

The reported experimental test results represent, primarily, two major 
considerations or accomplishments. First, a demonstrated capability for short 
duration testing of space shuttle vehicles during separation in the Impulse Base 
Flow Facility has been shown, and secondly these results are representative 
of the type of complete studies needed to verify the analytical predictions of 
nozzle plume flow fields. 

Some points to be considered in designing engine hardware and planning 
plume impingement tests are as follows. The smallest tolerances possible 
should be assigned for engine hardware to limit nozzle contour variations from 
prototype values. After the rczzle has been fabricated, the exact internal 
contours should be determined by, for example, pouring an RTV mold and 
determining the nozzle contours from an optical comparator. Data thus ob- 
tained can be used as input to the specific theoretical model employed to pre- 
dict the resulting model nozzle flow field. 

If mylar rupture diaphragms are employed for short duration testing, 
an effort should be made to ascertain if the flow field is relatively free of 
diaphragm particles. The introduction of any contaminants from rupture 
diaphragms composed of mylar or cellophane or from ignition sources will 
appreciably reduce the life span of thin film heat transfer gages and can 
result in erroneously high heat transfer measurements. 

Centerline probe measurements of the plume flowfield(s) were occa- 
sionally susceptible to severe particle impingement, in some cases mylar 
particles were fcond lodged in the pressure transducers. In several cases 
the thin film contoured heat sensors suffered erosive pitting of the pyrex 
substrate and platinum sensing strip. 
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Occasionally the heat sensors in the rake surveys and the contoured 
heat sensors experienced a change in resistance (heating rate) greater than 
1000 ohms from predictions. In these cases the predicted resistance change 
was generally an order cf magnitude less than the sensor was capable of with- 
standing. When these sensors were examined, a completely eroded platinum 
strip and severely pitted pyrex substrate were found. Conversations with 
Cornell Aeronautical Laboratories, Inc., (Ref. 27) indicate that this is not an 
unusual occurrence and replacement of the thin film gages with calorimeter 
type gages eliminated their erosion problem. 


] 4 


During the latter portion of Phase II plume surveys, the IBFF personnel 
were able to ignite the propellants by an adiabatic compression process that 
elevated the propellant mixture to the ignition temperature without the use of 
an igniter. Since only pressure measurements were being monitored during 
this sequence it is to 3 early to assess the effect of removing a potential con- 
tamination source, namely, the igniter. 


i 


■ i 


I 
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Table 5 (Continued) 

PEUME IMPACT PRESSURE SURVEYS 
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PLUME IMPACT HEATING RATE SURVEYS 
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Table 113 

BOOSTER IMPINGEMENT TEST CONDITIONS 
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Table 113 (Continued) 
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See each table for explanation 
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Table 113 (Concluded) 
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Table 117 (Continued) 

Run 59/0, Equivalent Engine Conf. 
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Test Pt . 2, Run 15/0, Horizontal Two-Engine 
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Table 123 

Test Pt, 5, Run 40/0, Equivalent Engine Conf. 
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Table 127 

88/0, Equivalent Engine Conf. 
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Table 130 

20/0, Horizontal Two-Engine Conf 
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Table 132 

Test Pt.8, Run 32/0, Horizontal Two-Engine Conf. 
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Table 134 
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Fig. 11 - Radial Distribution of the Pitot Total Pressure in the Orbiter Main Engine 
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Fig. 14 - Radial Distribution of the Pitot Total Pressure in the Orbiter Main Engine 
Exhaust Plume at X/D = 2 from the Engine Exit Plane (Equivalent Engine) 
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Fig. 15 - Radial Distribution of the Pitot Total Pressure in the Orbiter Main Engine 
Exhaust Plume at X/D = 2 from the Engine Exit Plane (Vertical Engine 
Arrangement) 
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Fig. 17 - Radial Distribution of the Pitot Total Pressure in the Orbiter Main Engine 
Exhaust Plume at X/D = 4 from the Engine Exit Plane (Equivalent Engine) 
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Fig. 18 - Radial Distribution of the Pitot Total Pressure in the Orbiter Main Engine Exhaust 
Plume at X/D - 4 from the Engine Exit Plane (Vertical Engine Arrangement) 
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Fig. 19 -Radial Distribution of the Pitot Total Pressure in the Orbiter Main Engine Exhaust 
Plume at X/D = 4 from the Engine Exit Plane (Horisontal Engine Arrangement) 


B-20 






. - f-P 


m 


LMSC-HREC D225839 


X/D 

Engine 

Config. 

Sym. 

Exper. 

10 

Equiv. 

□ 


Equivalent Engim 


End View of Engine Arrangement 


Equivalent Engine Experimental Dai 


Radial Distance from Equivalent Engine Plume Centerline, R/D exjt 

Radial Distribution of the Pitot Total Pressure in the Orbiter Main Engine 
Exhaust Plume at X/D = 10 from the Engine Exit Plane (Equivalent Engine) 

B-21 










LMSC-HREC D225839 


Equivalent Engine 

Vertical Engine Arrangement 


VTn 




rn 


Tr/d 


End View of Engine Arrangement 


Experimental Equivalent Engine Data 


LEGEND 


Engine Sym. 
X/D Config. Exper. 


«► ' 


Radial Distance from Equivalent Plume Centerline, R/D exit 

Fig- 21 Radial Distribution of the Pitot Total Pressure in the Orbiter Main Engine Exhaust 
Plume at X/D =10 from the Engine Exit Plane (Vertical Engine Arrangement) 
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Fig. 23 - Radial Distribution of the Pitot Total Pressure in the Orbiter 
Main Engine Exhaust Plume at X/D = 12 from the Engine Exit 
Plane (Equivalent Engine) 
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Fig. 24 - Radial Distribution of the Pitot Total Pressure in the Orbiter Main 
Engine Exhaust Plume at X/D =12 from the Engine Exit Plane 
(Vertical Engine Arrangement) 
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Fig. 25 - Radial Distribution of the Pitot Total Pressure in the Orbiter Main 
Engine Exhaust Plume at X/D = 12 from the Engine Exit Plane 
(Horizontal Engine Arrangement) 
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Fig. 26 - Radial Distribution of the Pitot Total Pressure in the Orbiter Main Engint 
Exhaust Plume at X/D = 15 from the Engine Exit Plane (Equivalent Engine) 
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Fig. 27 - Radial Distribution of the Pitot Total Pressure in the Orbiter Main Engine 
Exhaust Plume at X/D = 15 from the Engine Exit Plane (Vertical Engine 
Arrangement) 
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Radial Distribution of the Plume Stagnation Heating Rates in the Orbiter Main Engine Exhaust 
Plume at X/D = 10 from the Engine Exit Plane (Vertical Engine Arrangement) 
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Fig. 31 - Radial Distribution of the Plume Stagnation Heating Rate in the Orbiter Main Engine Exhaust 
Plume at X/D = 10 from the Engine Exit Plane (Horizontal Engine Arrangement) 
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Fig. 39 - Model and Dual Horizontal Engine Configuration 
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Fig. 41 - Enginey'Booster Relative Test Positions 
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Fig. 45 -Impingem r*t Pressure Distribution over the Booster Fuselage 
at Station 93.12 (Test Pos. 2) 
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Fig. 48 - Impingement Pressure Distribution over the Booster Fuselage 
at Station 102.12 (Test Pos. 2) 
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Fig. 49 - Impingement Pressure Distribution over the Booster Fmeiage 
at Station 10b. 12 (Test Pos. 2) 
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Fig. 53 - Impingement Pressure Distribution Along the Dorsal Fin 
Chord (Test Pos. 2) 
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Fig. 58 - Impingement Pressure Distribution Along the Dorsal Fin Chord 
(Test Pos. 4) 
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Fig. 68 -Impingement Pressure Distribution over the Booster Fuselage 
at Station 102.12 (Test Pos. 11 and Test Pos. 14) 




Local Impingement Pressure/Combustion Chamber Press^ 


LMSC-HREC D225839 


CX 

a 

E 

cx" 10 


4 


10 


-S 


10 


o 

is: 


-G- 


F 


10 



ft 


Sketch of Relative Orientation Between the Booster 
Model and the Orbiter 'ngine 


legend 


Teit 

Po». 

a 

(deg) 

Engine 

Config. 

Sym. 

Exper. 

14 

0.0 

Equiv. 

□ 

14 

0.0 

2H 

o 

1 1 

4.0 

2H 

o 


JD- 


S’ 


20 


30 


40 


50 


60 


70 


Angle from Vertical, $ (deg) 


Fig. 69 - Impingement Pressure Distribution over the Booster Fuselage 
at Station 105. 12 (Test Pos. 11 and Test Pos. 14) 
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Fig. 70 - Impingement Pressur- Distribution over the Booster Fuselage 
at Station 107.12 {Test Pos. 11 and Test Pos. 14) 
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Fig. 71 - Impingement Pressure Distribution Along the Dorsal Fin 
Leading Edge (Test Pos 11 and Test Pos. 14) 
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Fig. 72 - Impingement Pressure Distribution Along the Dorsal Fin Chord 
(Test Pos. 11 and Test Pos. 14) 
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Fig. 75 - Impingement Pressure Distribution over the Booster Fuselage 
at Station 99.12 (Test Pos. 15) 
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Fig. 77 - Impingement Pressure Distribution over the Booster Fuselage 
at Station 105.12 (Test Pos. 15) 
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Fig. 81 - Impingement Pressure Distribution along the Dorsal 
Fin Chord (Test Pos. 15) 
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Fig. 84 - Irr pingement Pressure Distribution Along the Dorsal Fin Chord 
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Fig. 87 - Impingement Pressure Distribution over the Booster Fuselage 
at Station 105.12 (Test Pos. 31) 
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Fig. 89 - Impingement Pressure Distribution Along Dorsal Fin Leading Edge 
(Test Pos. 31) 
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Fig. 90 - Impingement Pressure Distribution Along Dorsal Fin Chord 
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Fig. 93 - Heat Transfer Distribution over Fuselage 
at Station 100,62 (Test Pos.2) 

B-96 








1M CT g v 




9 























































Impingement Heating Rate,(Btu/ft 


LMSC-HREC D225839 





1 1 

LEGEND 




Tctt 

Po*. 

a 

(deg) 

Engine 
Cortf. q. 

Sv m. 

Exper. 




Equiv. 

□ 


— o 










ESI 

ZH 

0 




fe 



n 

HI 

2H 

o 













































□ CD 








1 - 





\mmmm 

!■■■ 





: 

— 

— 

i 





v — neating zvate i-/ata iNormaiizea 

! to 1000 osia. Chamber Pressure 





L 








— 



Sketch of Relative Orientation Between the Booster 
Model and the Orbiter Engine 



0 10 20 30 40 50 60 70 


1 ' 


T 


Angle from Vertical, <f>(deg) 


Fig. 97 - Heat Transfer Distribution over Fuselage 
at Station 94.62 (Test Pos. 5 and 8) 
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